[1] The present study sets out to describe the tidal and subtidal water motion at the Berau coastal shelf, which represents a tropical continental shelf area of variable width hosting a complex of barrier reefs along its oceanic edge. Moored and shipboard measurements on currents and turbulence were made as part of the multidisciplinary East Kalimantan Research Program. These results and collected data on sea levels, meteorology and bathymetry, were used to setup and calibrate a three-dimensional barotropic hydrodynamic model in the ECOMSED environment, which is derived from the Princeton Ocean Model. Concurrent profile measurements of flow velocity and Reynolds stress with an acoustic Doppler current profiler were used to infer values of the drag coefficient on locations on the shelf and within the barrier reef environment. The drag coefficients determined from shelf measurements differed less than 20% from optimal model settings. Diurnal and semidiurnal tides have the same character, propagating across the isobaths with amplitudes that increase toward the coast. The tidal amplification is captured in a one-dimensional model, revealing an analogy with the Amazon Shelf. Regarding the subtidal depth-mean flow, tidal Eulerian residual currents dominate over monsoon-driven currents. Lagrangian mean flows reveal freshwater pathways from the coast to the coral reef environment. At a regional scale, the reef complex is established to be semitransparent to tides. The barrier reef influences the tidal phases rather than the amplitudes, especially in the shelf region that is fringed by the reefs. This may explain why tidal phases predicted from hydrodynamic models of tropical continental shelves often feature substantial discrepancies from observations. Citation: Tarya, A., A. J. F. Hoitink, and M. Van der Vegt (2010), Tidal and subtidal flow patterns on a tropical continental shelf semi-insulated by coral reefs,
Introduction
[2] The Indonesian Seas comprise a variety of wide and narrow continental shelves that receive tidal energy input from the Indian Ocean and the South China Sea. Existing modeling studies of tidal dynamics of the Indonesian Seas have revealed the Archipelago-wide propagation patterns of diurnal and semidiurnal tides [Wyrtki, 1961; Schwiderski, 1979; Hatayama et al., 1996; Egbert and Erofeeva, 2002; Ray et al., 2005] . Those models poorly resolve the abundantly present shelf regions shallower than 100 m, which is mainly caused by the complex geometry of the area and the presence of reef assemblages. Since the Indonesian continental shelf areas are subject to low winds and small earth rotation effects, tidal mechanisms that are considered subordinate in temperate regions can become a principal forcing agent driving residual circulation on the shelf. The aim of this paper is to establish the mechanisms controlling tidal hydrodynamics on a tropical coastal shelf that is semiinsulated by coral reefs, and to identify the influence of a barrier reef on the shelf-wide tidal dynamics.
[3] Key aspects of barotropic tides in shallow nearshore zones at low latitudes include tidal amplification by resonance, the generation of mean currents and steering of the tidal motion by coral reef assemblages. The occurrence of near-resonance conditions depends on the width of the shelf, relative to the tidal wave length. Resonance effects are largest when a continental shelf is about a quarter wavelength wide. The incident tidal wave then reinforces reflections between the coast and the shelf edge. Tidal amplification and resonance at narrow shelves can be captured in one-dimensional barotropic models [Battisti and Clarke, 1982] , such as applied to the central Great Barrier Reef (GBR) area by Church et al. [1985] and to the Amazon shelf by Beardsley et al. [1995] , or in simple 2-D models to understand the effect of shelf width variations [Lentz et al., 2001] .
[4] When tides propagate across shelf slopes on midlatitudes Eulerian mean currents are generated in the alongshelf direction by the tidal rectification process [Maze et al., 1998 ].
In tropical regions the Coriolis parameter is very small and such a current is not likely to occur. However, the presence of large topographic variations in shallow areas is already sufficient to generate mean currents and circulation [Zimmerman, 1978] and to enhance dispersion of passive tracers. In addition, resonance effects and depth variations result in tidal current amplitude variations, and nonlinear interactions from the advective terms in the momentum balance can force mean currents [Tee, 1976] . In a region where earth rotation effects and wind forcing are small these processes might drive the circulation on the shelf and may determine sediment and freshwater pathways.
[5] The effect of a matrix of emerging and submerged coral reefs on regional tidal behavior has been a subject of interest for decades in research on the Great Barrier Reef (GBR). Middleton et al. [1984] reported on reefs acting as a barrier to the tide in a Southern section of the GBR. In contrast, the northern GBR was found to be permeable to tides, featuring merely small sea level gradients over the reefs [Wolanski, 1983] . Based on analytical considerations, Huthnance [1985] concluded that transport across a reef matrix is sufficient to render it effectively transparent to tides, unless the reefs are unusually far from the coast (i.e., more than about 100 km), extremely dense (a fraction of gaps less than 0.1) and extremely broad (more than 25 km). Bode et al. [1997] extended the work of Huthnance [1985] to treat quadratic bottom friction, as well as allowing for flow over reefs, and proposed a simple reef parameterization that accounts for the effect of reef properties at a subgrid scale in a regional tidal model. Their analytical solutions confirmed the general conclusion of Huthnance [1985] about reef chains being largely transparent to tides, unless reef coverage is particularly dense. Bode et al. [1997] further showed that the flow concentrates in the inter-reef channels, whereas flow over reefs cause only subtle modifications to the tidal response. Huthnance [1985] nor Bode et al. [1997] did explicitly take into account the length of the reef chain, which relates to the fact that the Great Barrier Reef is a nearly continuous chain of reefs. This study presents a continental shelf where a barrier reef extends over only part of the shelf edge. It shows that the extent of a barrier reef can be too small to assert strong control over the overall shelf-scale tidal response, despite a high density within the barrier reef.
[6] Based on the aforementioned studies it can be considered well established that flow in the inter-reef channels can affect regional tidal behavior. Regarding the exchange of tidal energy through the inter-reef gaps, the primary concern has been concentrated on the influence of gap density. Little attention has been devoted to the influence of bed roughness. Bode et al. [1997] used a constant bed roughness length inside and outside the reef area, attributing k b = 0.025 m. Bottom drag coefficients for a seabed covered by corals are now known to be an order of magnitude larger than the bottom drag coefficient for sand bottoms [Thomas and Atkinson, 1997; Lugo-Fernandez et al., 1998; Reidenbach et al., 2006] . Lugo-Fernandez et al. [1998] calculated drag and circulation parameters over an entire reef system. Using sea level differences across a Caribbean reef, they measured drag coefficients between 0.06 and 0.2. In a laboratory study with living coral, Thomas and Atkinson [1997] reported on drag coefficients ranging from 0.033 to 0.264. Reidenbach et al. [2006] established that values of the drag coefficient in a reef area ranged between 0.009 and 0.015. In the present study, drag coefficients between 0.017 and 0.029 are presented based on measurements in the Berau coral reef area. Those estimates are used to quantify the effect of enhanced friction in reef passages on tidal phases on the continental shelf, which is found to be significant.
[7] In this study, the barotropic tides are simulated in the Berau Inner Shelf with forcing by tide and wind. The simulations were compared to observations to evaluate model performance. In section 2 the Berau Shelf is introduced and an overview of the field campaign is provided. The estimation of drag coefficients at various measurement locations is described in section 3. Section 4 presents a description of the setup, calibration and validation of the hydrodynamic model, which is followed by the model result section 5. The remaining two sections elaborate the model results in a discussion and a summary of the conclusions.
Field Site and Data Gathering
[8] Figure 1a shows the 150 km by 150 km area of the Berau shelf region. In the west the region is bounded by Kalimantan, the Indonesian part of the island of Borneo. The Berau river debouching into the Berau shelf has a yearly average discharge of 500 m 3 s −1 , which has a negligible effect on barotropic marine processes on the shelf. The coral reef area is located at the northern part of the shelf break. Landward of the barrier reef the typical depths are between 20 and 50 m, while directly seaward of the reef water depths suddenly increase to hundreds of meters. The planimetry of the barrier reefs is provided in Figure 1c . The barrier reef flats are very shallow and emerge during low water. The typical width of the barrier reef is a few kilometers and the total length is 60 km. The reef flats are intersected by several 5 to 50 m deep channels of a few kilometers width. In the east, the Berau shelf is bounded by the South China Sea where water depths are large (more than 3000 m), providing an ideal boundary for modeling purposes. Adjacent to the barrier reef, two atolls are present named Kakaban and Maratua.
[9] Figure 1d shows a typical cross-shelf bottom profile of the Berau Shelf along the line TA-TB. Close to the Berau river network the bottom profile is relatively flat and depth is in the order of 5 m or less. Further seaward the bottom profile is convex (for TA-TB between 10 and 40 km) and depth increases till 50 m. The convex part is followed by a relatively flat bottom profile, after which the shelf break is located and the bottom slope and still water depth strongly increase. The 100 meter contour line shows that the shelf width of the Berau is variable. It is maximum in the middle and smallest in the north and south of the domain.
[10] The climate on the Berau shelf is dominated by two opposing monsoons between the landmasses of Asia and Australia. The Northwest Monsoon runs from October through March, whereas the Southeast Monsoon occurs from April through September. In both of these periods, winds are predominantly gentle and steady. During the transitional periods winds are light and more variable as a result of local land-sea breezes, which are then comparatively important. In the Berau continental shelf region, wind speeds are smaller than 4 m s −1 and are predominantly from northerly directions during the NW Monsoon, and from southerly directions during the SW Monsoon. The average rain fall is relatively constant throughout the year, amounts to 160 mm month −1 and is episodic. . At the station near Cape Batu (CB), velocity profiles were monitored using a vessel mounted ADCP. The ADCP data obtained at FP are used for model calibration and validation. The ADCP data collected at the coral reef sites (DI, MIS and MOS) are used to derive a typical drag coefficient for reef-covered areas from Reynolds stress profiles. The ADCP data obtained near CB is used for model validation. Details on measurement period, location and protocol for the various ADCP stations can be found in Table 1 . Additional sea surface elevations were measured at CG and Lighthouse station (LH). The data of both stations are used for model calibration. Meteorological monitoring took place at DI. This station was equipped with sensors for air temperature, wind speed and direction, and precipitation.
Drag Coefficients Inferred From ADCP Velocity Profiles
[12] The rigid deployments of the ADCP allowed calculation of Reynolds stress profiles using the variance technique described in the work of Stacey et al. [1999] . Defining Figure 1a ). (u, v, w) as the velocity components to the East, North and vertically upward, then the Reynolds stress relates to ADCP velocity components according to:
4 sin cos ð1Þ
where overbars denote time-averaging over a period that covers several times the largest turbulent fluctuations, primes indicate a fluctuating quantity, is the angle between the ADCP beams and the central instrument axis, u 1 , u 2 , u 3 and u 4 are velocity components of the four ADCP beams such that u, u 3 and u 4 are in the same plane and v, u 1 and u 2 are in the same plane. In the log-law region of the marine boundary layer, a linear depth profile is expected for the Reynolds stress component that represent vertical transport of momentum, according to:
where u * is the shear velocity, z is vertical distance to the bed, H is the total water depth and the viscous contribution to the total shear stress has been neglected. Using equation (3), profiles of the Reynolds stress can yield estimates of u * , which relates to the drag coefficient Cd as in:
in which U and V are depth-mean velocity toward the East and North, respectively.
[13] Reynolds stresses were calculated using equations (1) and (2), choosing an averaging period of 30 min. Their magnitude ranged between 0 and 0.1 Pa at FP, which represents inner shelf conditions between the estuary and the barrier reef. These small values relate to the relatively small maximum depth-averaged velocity amplitudes of about 0.3 m s −1 at this station. Incidentally, large Reynolds stresses are observed near the surface, which may relate to the vicinity of the freshwater plume of the Berau river. In general, the Reynolds stresses decrease from a maximum value near the bottom toward the surface, yet the linear profile obeying equation (3) is apparent only in the lower few bins where the velocity profile is logarithmic. For each 30 min period, the height of the logarithmic layer was determined iteratively. The linear stress profile was fitted through the lower most depth cells, including an additional depth cell further up in the water column each iteration step, until the correlation coefficient dropped below 0.8. The fit corresponding to the last iteration step was used to extrapolate the Reynolds stress to the bed, yielding the bed shear stress divided by water density (t b /r).
[14] Figure 2 shows a scatter plot of near-bed Reynolds stresses, calculated according to the procedure described above, versus depth-mean absolute velocity squared. The drag coefficient C d is obtained as the slope of the best fit linear line through the scatter points, resulting in C D = 0.0039, which is a common value for sandy shelves [Stacey et al., 1999] . The same procedure was followed for the ADCP stations in the coral reef area. The drag values in the reef environments are a factor 5 to 10 larger than at FP (Figure 3 ), averaging 0.021. This value reflects the higher roughness of the reef environment, and is consistent with previous studies [Thomas and Atkinson, 1997; LugoFernandez et al., 1998; Reidenbach et al., 2006] .
Hydrodynamic Model

Model Description
[15] The hydrodynamic model used in the present study is ECOMSED (Estuarine and Coastal Ocean Model SEDiment), a three-dimensional model that originated in the mid1980s with the creation of the Princeton Ocean Model [Blumberg and Mellor, 1987] . Its version for the shallow water environments is named ECOM [Blumberg, 1996] , whereas the sediment module allows the simulation of sediment transport. Here we use the depth-averaged version of the flow model. ECOMsed solves the classical shallow water equations with quadratic bottom friction. The horizontal diffusion terms are calculated according to the Smagorinsky formulation [Blumberg and Mellor, 1987] in which the horizontal viscosity coefficient depends on the grid cell size and horizontal velocity gradients. The model equations are solved on an orthogonal curvilinear Arakawa-c grid. The time differencing in the horizontal directions is explicit and Leapfrog time stepping is employed.
Model Setup
[16] The Berau shelf model is delimited by the lines 117.75°E and 119.1°E longitude and 1.46°N and 2.38°N latitude. An orthogonal curvilinear grid is used. The bathymetry is obtained from the Indonesian Hydrooceanographic Service (DISHIDROS). At the closed boundaries no flow boundary conditions and at the open boundaries radiation boundary conditions are imposed. The latter allow for prescribed incoming tides as well as outgoing radiation of longwave energy. The Berau channel network is modeled as a closed boundary. No flow from or into the Berau river is allowed, permitting reflection of tidal energy. Because the Berau delta is a very shallow area and the total width of the draining rivers is small compared to the total coastal boundary, it is not expected that this will influence the shelf wide tidal dynamics. Coral reefs that are either permanently or temporarily exposed are treated as permanently dry islands. Normal fluxes across the island boundaries are zero, and water depths at the grid cells immediately seaward of the island boundaries are nonzero.
[17] The model domain is bounded by three open boundaries: one in the east, one in the north and one in the south of the domain. The prescribed incoming tidal wave at these open boundaries is taken from the Tidal Model Driver [Egbert and Erofeeva, 2002] , which is run for the Indonesian Seas on a grid with a 1/6°horizontal resolution. The results were harmonically analyzed, calculating the main tidal constituents M 2 , S 2 , K 1 , O 1 , N 2 , P 1 , K 2 , and Q 1 . The phases and amplitudes of these tidal constituents were linearly interpolated to the open boundary grid points of the Berau inner shelf model. The simulations start with quiescent conditions at t = 0. The model is run for the default settings for a period of 100 days, including 40 days of spin up time. Model analysis is hence based on a period of 60 days.
[18] To identify the effects of the barrier reef on the tidal dynamics of the Berau shelf region, six different model configurations were set up that differ in reef parameterization (Table 2) . Configuration 1 is the default configuration, in which the drag coefficient is spatially uniform and the barrier reef topography is included in full detail. The drag coefficient C D = 0.0035 is based on calibration of the observed and modeled sea surface elevations at Fishing Platform. The difference between configuration 1 and 3 is the value of the drag coefficient in the barrier reef area. In experiment 1 the drag coefficient is spatially uniform, and attributed the plain shelf value from model optimization. In experiment three the drag coefficient in the barrier reef area is about 6 times larger than in the remainder of the model area, which is based on observations described in section 3. Configurations 2 and 4 represent the cases that the barrier reef is completely transparent to tides (barrier reef is absent) or is completely blocking the tides, respectively. In configurations 5 and 6, finally, a uniform wind velocity is imposed that represents either of the two monsoons, derived from a year of measured wind velocities. The 
Calibration
[19] The model is calibrated in two steps. First the optimum resolution is determined by performing a convergence test. Resolutions of 66 by 66, 99 by 99, 198 by 198 and 297 by 297 cells were successively tested. Based on accuracy and calculation time the 198 × 198 grid was selected as the optimum choice for the present study. This corresponded with a general grid cell size ranging between 300 and 2000 m, with a refinement in the coral reef area where the grid cell size is in between 100 and 200 m. The sensitivity of the model results to C D is demonstrated in Table 3 and Table 4 , Barrier reef acts as a complete block 5
As the default case, with a northward wind; (U wind ,V wind ) = (0.5,2.5) m s distinguishing between the separate tidal constituents. The model is optimized for the model-wide value of the drag coefficient by minimizing the root mean squared difference between observed and modeled water levels at FP and CG (Figure 4 ). Based on these results, the model-wide value of C D = 0.00345 is used throughout this study. This value is very close to the value that was inferred from the ADCP measurements, as described in the previous section.
[20] The model performance is quantified based on the skill score S. Here we use the definition by Wilmott [1981] , which was recently used by Warner et al. [2005] and Li et al. [2005] :
where X is the variable being compared, X is its time average and N is the number of measurements. Perfect agreement yields S = 1.0. At stations CG and LH, skills are 0.87 and 0.81, respectively.
Model Results
Comparison of Observed and Modeled Velocity
[21] A comparison of the measured and computed depthaveraged M 2 tidal ellipses at FP station and CB is shown in Figure 5 . At both stations the modeled minor and major axis are nearly similar. The orientation and phase of the ellipses differ to some extent. Table 5 presents the modeled and observed depth-averaged tidal ellipse parameters for the main tidal constituents at FP. In general the modeled and observed major and minor axis match well, albeit that modeled magnitudes are consistently lower. The largest difference corresponds to the major axis of the S 2 tide. The phase of the tidal ellipses are well represented by the model and maximum differences are in the order of 10°. The overall skill score for the velocities are 0.79 and 0.85 at FP and CB, respectively.
[22] Modeled and observed subtidal velocity time series were obtained by low-pass filtering, choosing a cutoff frequency of 24 h. The results for FP station are shown in Figure 6 . The residual Eulerian currents are directed ENE and the magnitude varies throughout the spring-neap cycle. The resemblance between modeled and observed mean currents is high, suggesting that river discharge and wind do not influence the barotropic dynamics to a large degree.
Tidal Propagation Patterns
[23] At every model grid point of the model, the sea surface elevation time series are harmonically analyzed using T_TIDE [Pawlowicz et al., 2002] . The calculated amplitudes and phases of the M 2 tide for the reference case are shown in Figure 7 . There is a clear amplification of 60 to 80% of the M 2 tide from the ocean boundary toward the Berau channel network, whereas the M 2 amplitude in the north-south direction is nearly uniform. The cophase lines show the M 2 tide propagates predominantly in the crossshelf direction. Phase speeds decrease when the tidal wave reaches the shallow area close to the coast. Close to the delta, phase speeds increase again, which can be attributed to the local standing wave character. Despite the crossisobath propagation behavior of the tide, the phase differences along the coast are considerable. For instance, sea surface elevations near Cape Batu are leading those near Cape Perupu by more than 1 h. The very shallow area with typical water depths of 5 m or less extends over a wider region in front of Cape Perupu than near Cape Batu. This causes the M 2 tidal wave to refract toward the coast. The cophase and coamplitude lines of the K 1 constituent are similar to those of the M 2 tide (Figure 8 ). The amplitude increases from 0.15 m at the oceanic boundary to maximum values of 0.24 m close to the Berau delta. The amplification from the shelf break to the coast is 60% for the K 1 tide, which is slightly smaller than the amplification of the M 2 tide. The North to South variation in amplitude is again very small and cophase lines are almost parallel to the isobaths. The phase difference between the tidal variation at the oceanic boundary and at Cape Perupu is only 6°for the K 1 tide, corresponding to about 24 min.
Tidal Ellipses
[24] The M 2 tidal current ellipses are shown in Figure 9 . The tidal currents on the Berau shelf are mainly bidirectional, directed westward during flood and eastward during ebb tide. Only close to and south of Cape Perupu the ellipses also have a significant north-to-south orientation, showing a more circular character. This results in relatively large alongshore tidal currents in this region, mainly due to alongshore gradients associated with shelf width variation [cf. Battisti and Clarke 1982] . The width of the shelf increases toward the south. In the deep parts of the domain (>500 m) the major axis is in the order of 0.10-0.15 m s −1 , increasing to about 0.4 m s −1 in the shallow regions close to the Berau delta. The major axis is also large near Cape Perupu, where values up to 0.5 m s −1 are modeled. The increase in the M 2 major axis from the oceanic boundary to the Berau inner shelf is caused by the process of shoaling, which acts both on tidal elevation amplitudes and tidal ellipses. The major axes are comparatively large in the deep reef passages, and smaller in the region between the barrier reef and the main land, where the major axis of the M 2 tidal ellipses drop below 0.15 m s −1 .
[25] The S 2 tidal current ellipses are similar to those of the M 2 tide, with the major axis about 30% smaller (results not shown). Given that the ratio of the M 2 and S 2 energy potentials is 1:0.46, and that the observed ratio in shelf seas is generally closer to 1:0.33 [Prandle, 1997] , the response of the Berau shelf to S 2 to tidal energy forcing is comparatively strong. This results in maximum tidal currents that are about 50% larger during spring tide than during neap tide. The modeled diurnal current amplitudes are about a factor 4 smaller than the semidiurnal components and are not considered in detail in the remainder of this paper.
Mean Eulerian, Stokes Drift, and Lagrangian Velocities
[26] The tidally averaged Eulerian currents are obtained by averaging the model results over the last 30.02 days of the simulation period, covering exactly 58 M 2 tidal periods. We tested the possible influence of the fact that an average over 30.02 days is nonzero for the other seven tidal constituents, by calculating an upper bound using the maximum tidal amplitudes from model results. This showed that the limited length of the averaging period cannot explain residuals above 2.3 10 −3 m s −1 , which is an order of magnitude smaller than the residuals we found.
[27] Strong currents occur in the region of the reefs, representing quadrupole circulations as is often observed for tidal inlets [Ridderinkhof, 1988; Hench and Luettich, 2003] . These structures are excluded from the analysis herein further, since the grid resolution was optimized for shelf-wide processes. Figure 10 (top) shows the Eulerian residual currents, in which the reef area has been blanked. Near the coast, up to the 10 m isobath, eastward directed mean Eulerian currents are modeled. These compensate partly for the onshore mass transport induced by the propagating tidal wave. This can be demonstrated by calculating the firstorder estimate of the mean Stokes drift [Longuet-Higgins, 1969] :
x; y; t where T is the period over which the Stokes drift velocityũ s is averaged (30.02 days). Wei et al. [2004] showed that using the water mass conservation equation, the two components of the Stokes drift velocity vector can be rewritten as:
where U and V are the eastward and northward Eulerian velocity components and h i denotes averaging over 30.02 days. A vector plot of the Stokes drift velocity for the default case, calculated with equations (7) and (8) is shown in Figure 10 (middle). The results show a mean onshore Stokes transport induced by the tides. This drift has a maximum value close the 5 m isobath and is roughly in the direction of the tidal wave propagation. The Stokes drift is generally opposing the Eulerian mean currents, but the orientation is not entirely reversed. Especially closer to the coast, in the region of the Berau river network, the Stokes drift vector features a large southward component. In this region the tidal wave has a propagation direction that progressively becomes more southward, as a result of refraction.
[28] Mean Lagrangian velocities were obtained by summing the Eulerian mean velocity and the Stokes drift velocity, and are shown in Figure 10 (bottom). The mean Lagrangian velocities, which can be considered as an indicator of the residual mass transport, are an order of magnitude smaller than the tidal current velocity scale (order of a cm per second). The Lagrangian velocities quantify the differences between the mean Eulerian and Stokes drift velocities close to the Berau river network, showing a general southward velocity pattern, which may have implications for the transport of river inputs to the coastal system. Further seaward the mean Lagrangian velocities are in the northern direction, revealing possible transport pathways toward the reef area. In front of Cape Batu (see also Figure 1 ), the mean Lagrangian velocity pattern is complex, with a northward mass transport near the coast and a southward transport closer to the barrier reef. Note that the mean currents are not induced by wind, by Coriolis forcing, nor caused by a prescribed pressure gradients, but result from the nonlinear propagation of the tide across the shelf. There is no clear slope current, which can be explained from the low Coriolis parameter in the shelf region under study.
[29] Considering the low wind speeds in the Berau continental shelf region, the impact of the wind was expected to be perceivable only in the tidally averaged Lagrangian current patterns. The model results for model configurations 5 and 6, in which a uniform mean wind shear is imposed, confirmed that patterns of tidal propagation indeed remain unaffected, and showed that winds exert a negligible influence on the Lagrangian mean currents. Only in deeper water, where the Lagrangian mean current is to the North, winds may intensify or weaken the northward current slightly. It can be concluded that wind plays a minor role in the tidal and subtidal water motion at the Berau continental shelf.
Influence of the Barrier Reef
[30] The M 2 coamplitude and cophase lines for model configuration 2 (Table 2 ) are shown in Figure 11 . The tidal propagation pattern is not strongly influenced by the reef, and the amplification of the tide is approximately similar. Zooming into details, the tidal wave travels slightly faster from the oceanic boundary toward the inner shelf. The largest differences are seen in the 345°cophase line. The barrier reef causes the tidal wave to turn to the north at the southern end of the barrier reef. Ali [1992] presented a modelling study of the Java Sea, showing an discrepancy between modeled and observed phases of the tidal waves along the North coast of Java. He did not account for the presence of hundreds of coral reef islands. The present results show that the influence of the reefs is particularly noticeable in the tidal phases, which can explain the inconsistency observed by Ali [1992] .
[31] In configurations 3 and 4 the barrier reef blocks the tide to a larger degree than in the default case. Again, the differences in the M 2 coamplitude lines with respect to the default experiment are small (Figure 12 ). Largest differences are visible in the M 2 cophase lines. The barrier reef is slowing down the propagation of the M 2 tide from the ocean side of the modelling domain to the Berau inner shelf region in the north. The barrier reef is merely influencing the tides on a regional scale and does not strongly affect the shelf-wide dynamics. Hence, reef parameterization is not essential in this specific case. In general, reef parameterization schemes can improve the agreement between modeled and measured tidal phases.
[32] Although the differences in the tidal characteristics are small, the subtle changes do induce differences in the mean Lagrangian velocities with respect to the default model settings (results not shown). The patterns are similar but magnitudes differ, especially in the region in between the barrier reef and the coast. When the barrier reef is less transparent to tides the northward component of the mean Lagrangian velocity close to the reefs is larger.
Discussion
[33] The primary characteristic of the tidal motion on the Berau continental shelf is the cross-isobath tidal propagation pattern associated to the small shelf width. In waters deeper than about 5 m, the dynamics are almost one dimensional. Toward the coast tides amplify as a result of depth reduction, often referred to as the process of shoaling, which competes with attenuation of the tide by friction. Beardsley et al. [1995] showed that on the Amazon shelf tidal amplification can be captured in a simple model, in which the momentum and mass balance equations are averaged over width and depth. To investigate the degree in which such a 1-D approach holds for the Berau shelf, a model has been setup by implementing the following equations for mass and momentum transport:
Herein, x is the cross-shelf coordinate (positive onshore), z is the free surface, U is the onshore velocity and H is the mean water depth. Whereas the original model by Beardsley et al. Figure 10 (bottom), the latter threshold was 2 cm s −1 . Note the anomalous scaling in Figure 10 (bottom).
[1995] was a linear set of width-averaged equations, we incorporate quadratic friction and do not attempt to account for variation along the coast. Both models explicitly neglect advection terms. The current model was applied to an arbitrary transect between TA and TB in Figure 1 . At the seaward boundary the same 8 tidal constituents are prescribed as in the 2-D model, and no mass flux is allowed through the landward boundary. The M 2 tidal amplitudes resulting from the 1-D model are compared to the corresponding barotropic model results in Figure 13a , showing a high resemblance. This indicates that despite the highly complex topography, alongshelf variation has limited impact on the cross-shelf tidal propagation. The tidal amplitude starts to increase in the region where depths become smaller than 50 m, about 50 km from the coast. These results confirm that the tidal amplification toward the coast on the Berau continental shelf may be attributed to shoaling, which dominates attenuation by friction. Figures 13b and 13c show that that both the mean sea level increase toward the coast, and the profile of the Eulerian mean eastward current component are also reproduced reasonably well by the 1-D model.
[34] Despite the fact that alongshelf gradients are subordinate when regarding the tidal propagation pattern, they are key to understanding the patterns of subtidal mass transport. Shelf width variation is an especially important agent governing the Lagrangian mean currents. At deep water the isobaths are approximately north-to-south directed, and are parallel to the M 2 cophase lines. Closer to the coast the tides refract toward the coast, and cophase lines and isobaths become inclined. In the shallow coastal region, the magnitude and orientation of the tidal ellipses can change significantly on scale of ten kilometers, generating a mean transfer of momentum and the generation of mean Lagrangian currents. The northward directed currents between the 5 and 20 m isobaths are due to the excess momentum in the northward direction, carried by the tidal wave, and bears strong similarities with the way wind waves refract and drive alongshore currents in the nearshore zone [Tee, 1980] . The southward mean Lagrangian currents closer to the coast are the combined effect of Stokes drift and mean Eulerian currents. The mean Eulerian currents, which are directed northward in this region, relate to the mean sea surface topography, which is shown in Figure 14 for three of the six configurations. The mean pressure gradients force mean northward Eulerian currents, and partly compensate for the Stokes drift. However, the Stokes drift is larger in magnitude and therefore the mean Lagrangian flow is directed southward. In the subtidal momentum balance, the pressure gradient term is balanced by the friction term, which results from covariation ofũ and z. Other contributors to the subtidal momentum balance, which may play a role in the generation of the southward Lagrangian mean current, are the nonlinear advection term, or tidal asymmetry [Hoitink et al., 2003] .
[35] The impact of the barrier reef on the tidal wave dynamics on the Berau shelf is limited. This is somehow surprising since the reef only has a few deep gaps and consists for the main part of very shallow reef flats that hardly allow for the transfer of energy across the reef. This is in contrast with the situation in the southern Great Barrier Reef, where the tidal motion is significantly affected by the presence of the reef chain. The Berau continental shelf may bear a stronger geographical resemblance to some subsections of the northern Great Barrier Reef, with linear structures, narrow passages, and basically acting as a broken line of separation between shallow shelf waters and the deep ocean. There is merely a small area behind the barrier reef where tidal velocity amplitudes are reduced. In this area, the M 2 tidal amplitude near the coast is about 0.2 m smaller than near Cape Perupu or the Berau delta. This is, however, not caused by the presence of the reef but by the geometry of the shelf, which follows from the simulations in the configuration excluding a reef parameterization. It can be concluded that in the case of the Berau continental shelf it is mainly the length of the reef area that is too small to significantly influence the tidal propagation patterns on the shelf. Tidal energy enters the region along other parts of the shelf.
[36] The parameterization of reefs does influence the energy flux across the reefs. The energy flux per m length of the reef is calculated as [Kowalik and Proshutinsky, 1993; Foreman et al., 1995; Jarosza et al., 2005] :
This energy flux has contributions from both kinetic and potential energy. Figure 15 shows the energy flux across the barrier reef region for the different model configurations. Obviously, when the barrier reef is a complete block this flux is zero. The differences between the configuration 3, which is considered to be most realistic, and the configuration in which the reefs are absent are about 30 percent, implying that an additional energy flux through the reef gaps largely compensates for the reduced energy flux at the reef flats. The energy flux for configuration 1 is about the mean of the fluxes in configurations 2 and 3, which suggests that attributing an appropriate drag coefficient is about equally important as implementing the reefs at all. Table 6 summarizes the energy fluxes across four individual reef passages, averaged over a spring-neap cycle (see also Figure 1 ). The energy flux in configuration 2, without a parameterization of the reefs, corresponds to the grid cells where the passage is located in configurations 1 and 3. For the two deep passages (>30 m), labeled TF1 and TF2, this residual tidal energy flux is a decade larger than the energy transfer values in configuration 2. For the two shallow passages (<10 m), which are wider than TF1 and TF2, this ratio is about 2. Huthnance [1985] concluded that transport across a reef matrix is strongly reduced if reef density >0.9. The reef density at the Berau shelf is estimated to be 0.83, and indeed the barrier reef can be considered largely transparent to tides. The results in Table 6 suggest that apart from reef density, which is calculated from cross-section area information, the width-to-depth ratio of the passages plays an important role. On the Berau continental shelf, however, this discussion is not very relevant as the tidal motion would find its way around the barrier reef, even if it were a complete block.
Conclusions
[37] The Berau continental shelf region was implemented in a barotropic hydrodynamic model, to investigate tidal and subtidal flow in the shelf area that is semi-insulated by a barrier reef. At an open shelf location and two locations in the coral reef environment, an acoustic Doppler current profiler was moored for more than a fortnight. The obtained data and additional field observations of water level, wind velocity and direction were used for calibration and validation of the model. There is a good agreement between simulated and observed water level oscillations, both in terms of amplitudes and phases. The observed depth-mean current velocities, which were not used for calibration, showed a favorable comparison with the model results. An additional check was based on a comparison of drag coefficients derived from observed Reynolds stress profiles and from model optimization, which showed merely a 15% difference. The model results were used to study the influence of the barrier reef on tidal propagation and mean circulation patterns on the Berau shelf. To this end experiments were performed with six model configurations, which differed in the way the barrier reef was implemented. The results for the default case show that tides on the Berau Inner Shelf propagate in a cross-shelf direction and increase in amplitude in onshore direction. This is mainly caused by the effect of shoaling of the wave due the reduction of depth toward the coast, which dominates over the decay of the tidal amplitude due to friction. The modeled mean Lagrangian velocities reveal a clear southward transport close to the coast, while between the 10 to 20 m isobaths the mean Lagrangian velocities are directed northward. The prevailing Monsoon winds exert a negligible influence on these Lagrangian mean currents. The sensitivity experiments showed that the reef area, which has a reef density of 0.83, is semitransparent to tides. The shelf-wide propagation patterns of the tide are only weakly influenced by the presence of the reef at the shelf edge. The largest influence is observed for the phase of the M 2 tide in the area between the barrier reef and the main land. A complete block results in a retardation of the tide because the tidal wave is no longer able to propagate across the reef but has to pass it. This effect is not strong and tidal amplitudes are similar in all six model configurations. Detailed comparison of the total energy flux across the reef area reveals that, compared to the case the reef is absent, there is an increased energy flux through the reef gaps which largely compensates for the decreased energy flux over the reef flats. In all experiment there was a region with small tidal current amplitudes behind the reef area. This small velocity area is therefore not caused by the presence of the reef but mainly by the largescale configuration of the Berau shelf. The shelf area between the barrier reef and the mainland is relatively deep and narrow, which explains the small velocity amplitudes as the tide propagates predominantly across the shelf. The extent of the reef area is too small to significantly influence the tidal amplitudes. The reef does exert a significant influence on the tidal phases, which are sensitive to the hydraulic roughness of the corals. 
